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Micro-spherical  Ni0.8oCoo.i5Mn0.o5(OH)2  precursors  with  a  narrow  size-distribution  and  high  tap-density 
are  prepared  successfully  by  continuous  co-precipitation  of  the  corresponding  metal  salt  solutions  using 
NaOH  and  NH4OH  as  precipitation  and  complexing  agents.  LiNio.80Coo.15Mno.05O2  is  then  prepared  as  a 
lithium  battery  cathode  from  this  precursor  by  the  introduction  of  Li0H  H20.  The  pH  and  NH3:metal 
molar  ratio  show  significant  effects  on  the  morphology,  microstructure  and  tap-density  of  the  pre¬ 
pared  Nio.8oCoo.i5Mn0.o5(OH)2  and  the  R  values  and  /( 0  0  3 )//( 1  0  4)  ratio  of  lithiated  LiNio.80Coo.15Mno.05O2. 
Spherical  LiNio.80Coo.15Mno.05O2  prepared  under  optimum  conditions  reveals  a  hexagonally  ordered,  lay¬ 
ered  structure  without  cation  mixing  and  an  initial  charging  capacity  of  176mAhg_1.  More  than  91%  of 
the  capacity  is  retained  after  40  cycles  at  the  1  C  rate  in  a  cut-off  voltage  range  of  4.3-3.0  V. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  nickel  oxide  (LiNi02)  with  a  layered  structure  has 
been  studied  extensively  as  an  alternative  cathode  material  for 
rechargeable  lithium-ion  batteries  to  replace  expensive  and  toxic 
lithium  cobalt  oxide  (LiCo02)  that  is  presently  used.  Commercial 
application  has  not  been  achieved,  however,  due  to  difficulties 
in  preparation  and  property  control.  It  is  difficult  to  introduce  a 
stoichiometric  amount  of  Ni  ( Li :  N i  atomic  ratio  of  1)  into  LiNi02 
particles  without  any  divalent  nickel  in  lithium  sites.  Also,  severe 
capacity  fading  is  observed  on  repeated  charging  and  discharging 
cycles,  because  the  structure  stability  is  lower  than  that  of  LiCo02 
[1-5].  To  circumvent  these  problems,  several  types  of  structure 
stabilizers,  such  as  transition  metals  (Co,  Mn,  Ti,  Fe  and  Zr)  and 
non-transition  metals  (Mg  and  Al),  have  been  suggested  [6-15]. 
Among  the  various  stabilizers,  cobalt  has  been  shown  to  hold 
promise,  because  it  can  be  substituted  in  the  Ni  sites  and  forms 
a  solid  solution  of  any  percentage  without  affecting  the  layered 
structure  of  LiNi02.  Cobalt  modified  stabilizers  have  been  found 
to  exhibit  enhanced  structure  stabilization,  extended  cycleabil- 
ity,  and  improved  charging  capacity  [16-19].  Nevertheless,  the 
replacement  of  Ni  with  Co  is  limited  by  the  relatively  high  price 
of  Co  and  there  have  been  efforts  to  replace  some  parts  of  Ni 
with  cheaper  metals  such  as  Mn  and  Fe.  For  instance,  Hwang  et  al. 
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[20,21  ]  reported  that  the  substitution  of  less  than  30  at.%  of  Ni  with 
Mn  (LiNii_x_yCoxMny02,  y  <0.3)  gave  improved  electrochemical 
properties  [20,21].  Other  research  has  shown  improvement  in  the 
electrochemical  properties  of  Ni-based  cathode  materials  by  coat¬ 
ing  metal  oxides  such  as  Zr02  and  A1203  on  the  surface  of  particles 
[22-26]. 

The  electrochemical  properties  of  lithiated  mixed  transition 
metal  oxides  are  also  influenced  by  structural  properties  such  as 
hexagonal  ordering,  degree  of  cation  mixing,  and  crystallinity,  as 
well  as  by  chemical  composition. 

In  order  to  allow  use  as  a  cathode  material  and  to  guarantee 
high  electric  charging  capacity,  physical  properties  such  as  mor¬ 
phology  and  tap-density  also  have  to  be  controlled  precisely  during 
the  synthesis.  In  general,  high  tap-density  particles  can  be  obtained 
by  increasing  the  crystallinity  and  grain  size  of  crystals,  but  this 
leads  to  loss  of  specific  charging  capacity.  Therefore,  there  is  a  limit 
to  increasing  tap-density  by  crystallinity  and  grain  size.  Another 
way  to  increase  tap-density  without  loss  of  charging  capacity  is  to 
fabricate  uniform-sized  spherical  particles,  as  they  can  be  packed 
more  closely  during  the  coating  process  of  the  cathode  electrode 
due  to  good  fluidity.  The  spherical  nature  of  the  particles  provides 
advantages  for  producing  a  uniform,  stable  and  dense  coating  of 
metal  oxides  as  compared  with  particles  that  have  an  irregular 
morphology. 

As  noted  earlier,  there  have  been  numerous  efforts  to  pre¬ 
pare  uniform  spherical  and  high  tap-density  cathode  materials 
without  increasing  the  crystallinity  or  the  grain  size  of  crys¬ 
tals  for  high  specific  charging  capacity.  Preparation  methods  for 
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Fig.  1.  Experimental  apparatus  for  continuous  co-precipitation  of 
Nio.8oCoo.i5Mn0.o5(OH)2  precursor. 


micro-sized  spherical  powder  by  controlled  crystallization  are  well 
described  for  single  and  binary  oxide  systems  such  as  LiCo02  [27] 
and  LiNio.80Coo.20O2  [28-34].  Also,  many  studies  have  applied  co¬ 
precipitation  methods  for  the  production  of  a  ternary  oxide  system 
of  Ni,  Co,  and  Mn  [35-39].  However,  because  all  of  the  afore¬ 
mentioned  approaches  involve  preparation  in  a  batch  reactor,  it  is 
difficult  to  assess  the  effect  of  the  synthesis  conditions  on  the  mor¬ 
phology  and  physical  and  chemical  properties.  Therefore,  in  the 
present  work,  systematic  studies  for  the  preparation  of  a  ternary 
oxide  of  Ni,  Co,  and  Mn  under  continuous  precipitation  conditions 
are  conducted. 

Considering  preparation  cost,  improved  tap-density  and  elec¬ 
trochemical  properties  brought  by  Mn  to  a  LiNiCo02  cathode 
material,  a  uniform  spherical  LiNio.8oCo0.i5Mn0.o502  powder  is 
prepared  by  a  continuous  co-precipitation  method  in  aqueous 
phase  using  a  continuous  stirred  tank  reactor  (CSTR).  The  effect 


of  preparation  conditions,  such  as  pH,  NH4OH  concentration  and 
co-precipitation  time,  are  investigated  and  an  attempt  is  made  to 
correlate  these  conditions  with  physical  and  chemical  properties. 
Finally,  specific  charging  capacity  tests  and  a  retention  analysis  are 
carried  out  on  the  prepared  LiNi0.8oCo0.i5Mn0.o502. 

2.  Experimental 

2.1.  Preparation  of  Ni0.8oCoo.i5Mno.o5(OH)2  precursor 

Details  of  the  co-precipitation  apparatus  are  shown  in  Fig.  1 .  The 
continuous  co-precipitation  of  Ni0.8oCo0.i5Mn0.o5(OH)2  was  car¬ 
ried  out  in  a  specially  designed  water-jacketed  CSTR  of  1000  ml 
capacity.  Initially,  the  reactor  was  filled  to  80vol.%  with  distilled 
water  and  the  pH  of  the  water  was  then  adjusted  with  40  ml  of 
29  wt.%  NH4OH  and  a  few  drops  of  25  wt.%  NaOH  solution.  The  solu¬ 
tion  was  stirred  at  500  rpm  while  maintaining  the  temperature  at 
45  °C  by  circulating  hot  water  through  a  jacket  that  enclosed  the 
reactor.  1.5  M  aqueous  solution  of  NiS04-6H20,  CoS04-7H20  and 
MnS04-H20  corresponding  to  a  molar  composition  of  0.80,  0.15 
and  0.05,  respectively,  was  introduced  continuously  into  the  reac¬ 
tor  by  a  peristaltic  pump  and  the  product  that  overflowed  out  of 
the  reactor  was  collected  periodically.  To  induce  co-precipitation 
of  metal  hydroxides,  25  wt.%  NaOH  solution  was  fed  into  the  reactor 
by  another  peristaltic  pump  and  the  feeding  rate  was  adjusted  for 
desired  pH.  As  a  complexing  agent,  29  wt.%  NH4OH  solution  was 
introduced  and  the  flow  rate  was  regulated  by  a  mass  flow  con¬ 
troller  to  maintain  the  desired  NH3:  metal  molar  ratio.  The  total 
feed  flow  rate  was  adjusted  to  maintain  an  average  residence  time 
of  lOh.  The  product  that  overflowed  out  of  the  reactor  was  col¬ 
lected  periodically  for  analysis.  The  precipitation  was  carried  out 
continuously  until  both  the  particle  size  and  morphology  reached 
a  steady  state.  The  collected  products  were  neutralized  by  wash¬ 
ing  with  distilled  water  and  then  drying  at  110°C  with  hot  air  for 
12  h. 


Fig.  2.  Optical  microscope  images  of  Nio.8oCoo.i5Mn0.o5(OH)2  depending  on  precipitation  time:  (a)  1  h,  (b)  8  h,  (c)  24  h  and  (d)  32  h. 
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2  theta  (degrees) 


Fig.  3.  XRD  pattern  of  Nio.8oCo0.i5Mn0.o5(OH)2  particles  obtained  after  32  h  co¬ 
precipitation  (same  sample  shown  in  Fig.  2(d)). 


2.2.  Preparation  of  LiNio.80Coo.15Mno.05O2 

The  Ni0.8oCo0.i5Mn0.o5(OH)2  particles,  prepared  by  the  co¬ 
precipitation  method,  were  mixed  thoroughly  with  a  2  at.%  excess 
of  a  stoichiometric  amount  of  LiOH  H20  (molar  ratio  of  1.02)  to 
compensate  for  the  calcining  loss.  The  particles  were  then  calcined 
in  a  muffle  furnace  for  12  h  under  air  atmosphere  at  650,  700,  750, 
800,  850  and  900  °C,  respectively. 

2.3.  Characterization 

SEM  images  were  taken  and  a  composition  analysis  was  con¬ 
ducted  using  a  Philips  XL30S  FEG  scanning  electron  microscope 
equipped  with  an  EDAX  Phoenix  energy  dispersive  X-Ray  spec¬ 
trometer.  The  XRD  patterns  were  acquired  by  means  of  a  Rigaku 
D/MAX-2200  V  X-ray  diffractometer  with  Cu-Ka  radiation.  To  mea¬ 
sure  the  cation-mixing  effect,  the  7(0  0  3)//(  1  04)  ratio  and  R  values 
were  calculated  from  the  XRD  patterns. 

An  ICP  analysis  was  carried  out  using  a  Jobin  Yvon  Ultima- 
C  inductively  coupled  plasma-atomic  emission  spectrometer.  The 
tap-density  of  the  powders  was  measured  by  the  following  pro¬ 
cedure.  The  known  weight  of  powder  was  placed  in  a  10  ml 
measuring  cylinder  (0.1  ml  resolution)  and  tapped  on  a  labora¬ 
tory  table  until  a  constant  volume  was  obtained.  The  weight  of 
the  sample  was  then  divided  by  the  volume  to  obtain  the  tap- 


Table  2 

Tap-density  of  Ni0.8oCoo.i5Mn0.o5(OH)2  depending  on  pH  and  NH3: metal  molar  ratio. 


Sample  name 

NH3:  metal  molar  ratio 

pH 

Tap-density  (g  cm-3 ) 

Effect  of  pH 
CMP-1 

1.0 

9.5-10.0 

1.46 

CMP-2 

1.0 

10.8-10.9 

1.58 

CMP-3 

1.0 

11.2-11.3 

1.66 

CMP-4 

1.0 

11.3-11.4 

1.76 

CMP-5 

1.0 

11.5-11.6 

2.00 

CMP-6 

1.0 

11.7-11.8 

1.76 

CMP-7 

1.0 

11.9-12.0 

1.66 

Effect  ofNH3:metal  molar  ratio 

CMP-8 

1.2 

11.5-11.6 

1.50 

CMP-5 

1.0 

11.5-11.6 

2.00 

CMP-9 

0.8 

11.5-11.6 

1.58 

CMP-10 

0.6 

11.5-11.6 

1.50 

density  in  gml-1.  For  measurement  of  the  charging  capacity, 
a  coin-type  half-cell  was  made  with  cathode  materials  consist¬ 
ing  of  90wt.%  LiNio.80Coo.15Mno.05O2,  5wt.%  carbon  black,  and 
5wt.%  PVDF  in  NMP,  a  polyethylene  separator,  an  electrolyte 
solution  of  1  M  LiPF6  in  ethyl  carbonate/dimethyl  carbonate  (1:1 
vol.%),  and  a  lithium  metal  anode.  The  charge-discharge  profiles 
of  the  coin  cell  were  obtained  in  a  potential  range  of  4.3-3.0V 
and  at  a  current  rate  of  0.1,  0.2,  0.5  and  1C.  For  measurement 
of  the  capacity  retention,  the  cell  was  cycled  between  4.3  and 
3.0V  at  0.1,  0.2  and  0.5  C,  respectively,  and  then  40  times  at 
1.0  C. 


3.  Results  and  discussion 

3.1.  Characteristics  of  Ni0.8oCooA5Mn0.o5(OH)2  precursor 

Co-precipitation  of  Ni0.8oCoo.i5Mn0.o5(OH)2  was  carried  out 
continuously  in  a  water-jacketted  CSTR  reactor  (Fig.  1)  and  the 
morphology  change  of  the  products  was  monitored  periodically 
by  an  optical  microscope.  At  the  beginning  of  the  reaction,  pri¬ 
marily  fine  particles  are  formed  and  then  combine  with  each 
other  to  form  irregular-shaped  and  micron-sized  agglomerates 
(Fig.  2(a)  and  (b)).  The  particles  grow  gradually  and  develop 
a  smooth  and  uniform  spherical  morphology  without  further 
agglomeration.  After  24  h  of  precipitation,  a  steady  state  is 
reached,  at  which  the  particle  size  ranges  from  10  to  15p,m 
(Fig.  2(c)  and  (d)).  Finally,  the  particles  obtained  after  32  h  of 
precipitation  have  a  spherical  shape  and  show  a  quite  narrow  size- 
distribution. 

During  co-precipitation,  NH3  and  NaOH  are  involved  in  the 
reaction  according  to  the  following  schemes,  respectively,  and  the 


Table  1 

Composition  of  prepared  Ni0.8oCoo.i5Mn0.o5(OH)2  precursor  analyzed  by  ICP. 


Sample  name 

NH3:  metal  molar  ratio 

pH 

Nio.80Coo.15 

Mn0.05(OH)2  precursor3  composition  (at.%) 

Ni 

Co 

Mn 

Effect  of  pH 

CMP-1 

1.0 

9.5-10.0 

77.4 

17.0 

5.6 

CMP-3 

1.0 

11.2-11.3 

78.7 

16.0 

5.2 

CMP-5 

1.0 

11.5-11.6 

79.0 

16.1 

4.8 

CMP-6 

1.0 

11.7-11.8 

78.7 

16.0 

5.3 

CMP-7 

1.0 

11.9-12.0 

79.6 

15.5 

4.9 

Effect  ofNH3:metal  molar  ratio 
CMP-5 

1.0 

11.5-11.6 

79.0 

16.1 

4.8 

CMP-9 

0.8 

11.5-11.6 

79.1 

15.8 

5.0 

CMP-10 

0.6 

11.5-11.6 

79.6 

15.4 

5.0 

a  Atomic  composition  of  metal  salt  solution  used  for  preparation  of  Nio.8oCoo.i5Mn0.o5(OH)2  precursor  =  80.0  at.%  Ni:  15.0  at.%  Co:5.0at.%  Mn. 
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morphology  and  size  of  the  primary  particles  are  determined  by 
their  reaction  rate. 

0.8Ni2+(aq)  +  0.1 5Co2+(aq)  +  0.05Mn2+  +xNH4OH 
-*  [Ni0.8oCoo.,5Mn0  o5(NH3)n2+](aq)  +  nH20  +  (x-  n)NH4OH(aq) 

(1) 

[Nio.8oCoo.i5Mno.o5(NH3)n2+](aq)  +  20H“+nH20 

->■  Nio.8oCoo.15Mno.o5(OH)2(s)  |  +nNH4OH(aq)  (2) 

To  confirm  the  structure  and  chemical  composition  of  the  pre¬ 
pared  Nio.8oCo0.i5Mn0.o5(OH)2  particles,  XRD  and  ICP  analyses  were 
carried  out  for  the  samples  described  in  Fig.  2(d).  As  shown  in 
Fig.  3,  the  obtained  Ni0.8oCoou5Mno.o5(OH)2  particles  give  similar 


XRD  patterns  to  that  of  p-Ni(OH)2  [29].  The  ICP  analysis  also  reveals 
that  the  metal  composition  of  the  obtained  Nio.soCoo.is  Mn0.o5(OH)2 
particles  is  similar  to  that  of  the  starting  metal  salt  solution,  with 
the  difference  in  composition  being  less  than  1.0at.%  at  the  opti¬ 
mum  pFI  and  NH3:metal  molar  ratio  (Table  1).  From  the  SEM,  XRD 
and  ICP  data,  it  can  be  concluded  that  mono-dispersed,  spheri¬ 
cal  Ni0.8oCo0.i5Mn0.o5(OFI)2  having  ternary  metal  components  can 
be  synthesized  successfully  by  the  continuous  co-precipitation 
method.  Another  important  finding  is  that  the  chemical  com¬ 
position  of  the  precipitates  can  be  controlled  precisely  by 
simply  manipulating  the  composition  of  the  starting  metal  salt 
solution. 

The  morphology  and  tap-density  of  Ni0.8oCoo.i5Mn0.o5(OH)2 
particles  is  strongly  influenced  by  the  pH  and  NH3:metal  molar 


Fig.  4.  SEM  images  of  Nio.8oCoo.i5Mn0.o5(OH)2  powders  obtained  at  NH3:metal  molar  ratio  of  1.0  after  24  h  precipitation  at  different  pH  ranges:  (a)  9.5-10.0,  (b)  11.2-11.3, 
(c)  11.5-11.6  and  (d)  11.9-12.0  (magnification:  I  =  500x  and  II  =  10,000x). 
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ratio.  There  exists  an  optimum  pH  and  NH3: metal  molar  ratio  for  a 
high  tap-density  (Table  2).  The  tap-density  increases  gradually  and 
shows  a  maximum  value  of  2  at  a  pH  range  of  1 1 .5-1 1 .6,  and  then 
decreases  as  the  pH  is  increased  further.  The  NH3  :metal  molar  ratio 
also  influences  the  tap-density  and  the  highest  value  is  obtained  at 
a  NH3  :metal  molar  ratio  of  1 .0. 

The  macro-  and  microstructures  of  Nio.8oCo0.i5Mn0.o5(OH)2  par¬ 
ticles  are  also  strongly  influenced  by  the  precipitation  conditions. 
SEM  images  of  the  spherical  Ni0.8oCoo.i5Mn0.o5(OH)2  particles  col¬ 
lected  at  different  pH  values  and  NH3:  metal  molar  ratios  are 
presented  in  Figs.  4  and  5.  Depending  on  the  precipitation  con¬ 
ditions,  the  obtained  precipitates  reveal  quite  broad  particle  size 
and  shape  distributions.  The  precipitates  obtained  at  optimum 
pH  and  NH3:metal  molar  ratio  give  dense  and  spherical-shaped 


particles  with  a  narrow  size-distribution  (Figs.  4-I(c)  and  5-I(c)). 
When  the  pH  and  NH3  :metal  molar  ratio  are  not  adjusted  properly, 
however,  irregular-shaped  porous  particles  are  obtained.  Further¬ 
more,  different  microstructures  are  obtained  depending  on  the  pH 
and  NH3:metal  molar  ratio.  As  can  be  seen  in  the  SEM  images 
(Figs.  4-II  and  5-II),  the  particles  consist  of  agglomerated  needle¬ 
like  microcrystalline  grains.  The  particles  obtained  at  optimum  pH 
and  NH3: metal  molar  ratio  have  a  closely  packed  microstructure 
(Figs.  4-II(c)  and  541(c)),  whereas  the  particles  obtained  at  differ¬ 
ent  precipitation  conditions  are  not  as  smooth  as  those  produced 
under  optimum  conditions. 

The  morphology,  microstructure  and  tap-density  of  the  particles 
correlate  well  with  the  synthesis  parameters  of  pH  and  NH3:metal 
molar  ratio.  Taking  these  results  into  consideration,  a  NH3:metal 


Fig.  5.  SEM  images  of  Ni0.8oCoo.i5 Mn0.05(OH)2  powders  obtained  at  pH  range  11.5-11.6  and  different  NH3  :metal  molar  ratios:  (a)  0.6,  (b)  0.8,  (c)  1 .0,  and  (d)  1 .2  (magnification: 
I  =  500x  and  II  =  1 0,000  x). 
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Tap-density,  7(0  0  3)//(l  04)  ratio  and  R  values  depending  on  calcination  temperature. 
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Name  of  the  LiNi0.80Co0.15Mn0.05O2  samples 

Metal  hydroxide  precursor 

Calcination  temperature  (°C) 

Tap-density  (g  cm-3 ) 

/( 0  0  3 ) //( 1  04)a  value 

R  value3 

Effect  of  calcination  temperature 

LCMP-3 

CMP-3 

650 

1.11 

0.79 

LCMP-3 

CMP-3 

700 

1.25 

0.66 

LCMP-3 

CMP-3 

750 

1.47 

0.52 

LCMP-3 

CMP-3 

800 

1.41 

0.52 

LCMP-3 

CMP-3 

850 

1.08 

0.62 

LCMP-3 

CMP-3 

900 

1.09 

0.60 

Effect  of  pH 

LCMP-1 

CMP-1 

750 

1.76 

1.43 

0.58 

LCMP-3 

CMP-3 

750 

1.87 

1.47 

0.52 

LCMP-5 

CMP-5 

750 

2.72 

1.30 

0.44 

LCMP-7 

CMP-7 

750 

2.14 

1.40 

0.48 

Effect  of  NH3: metal  molar  ratio 

LCMP-8 

CMP-8 

750 

1.46 

0.58 

LCMP-5 

CMP-5 

750 

2.72 

1.30 

0.44 

LCMP-9 

CMP-9 

750 

1.44 

0.56 

LCMP-1 0 

CMP-10 

750 

1.35 

0.59 

a  /( 0  0  3 )//( 1  04)  ratio  and  R  values  were  calculated  from  XRD  patterns. 


molar  ratio  of  1  and  a  pH  range  of  1 1 .5-1 1 .6  are  deemed  to  be  the 
most  ideal  conditions  for  the  formation  of  spherical-shaped  and 
higher-density  Nio.8oCo0.i5Mno.o5(OH)2  particles  by  the  continuous 
co-precipitation  method. 

3.2.  Characterization  of  LiNio.soCooj5Mno.05O2 

To  obtain  a  final  cathode  material  of  LiNio.80Coo.15Mno.05O2, 
Nio.8oCo0.i5Mn0.o5(OH)2  precursors  were  lithiated  with  LiOH  H20 
and  then  calcined  at  different  temperatures.  The  nomenclature  of 
the  lithiated  powders,  tap-density,  7(0  0  3)//(l  04)  ratio,  and  R  val¬ 
ues  of  samples  prepared  under  different  calcination  temperatures, 
pH,  and  NH3:metal  molar  ratio  are  presented  in  Table  3. 

To  decide  the  optimum  calcination  temperature,  a 
Nio.8oCoo.i5Mn0.o5(OH)2  precursor  (CMP-3)  prepared  in  a  contin¬ 
uous  co-precipitator  was  lithiated  and  then  calcined  at  different 
temperatures  from  650  to  900  °C  (Table  3).  As  shown  in  Fig.  6,  the 
particles  are  comprised  of  closely  packed,  cube-like,  crystalline 
grains  which  are  considerably  different  from  the  fine,  needle¬ 
like,  crystalline  grains  of  the  Ni0.8oCoo.i5Mn0.o5(OH)2  precursor 
(Fig.  4(b)).  The  grain  size  of  the  particles  increases  as  the  calcination 
temperature  is  increased  and  this  indicates  that  the  grains  merge 
together  and  become  larger  at  higher  calcination  temperatures. 
The  spherical  morphology  of  the  initial  particles  is  maintained  up 
to  the  calcination  temperature  of  800  °C,  but  the  particles  collapse 
and  become  irregular  shaped  when  the  calcination  temperature 
is  raised  beyond  850  °C.  Therefore,  to  maintain  their  initial  mor¬ 
phology  and  small  grain  size,  the  lithiated  precursors  should  be 
calcined  at  temperatures  below  800  °C. 

The  XRD  patterns  of  the  LiNio.80Coo.15Mno.05O2  powders  cal¬ 
cined  at  different  temperatures  are  presented  in  Fig.  7.  The  patterns 
are  characteristic  of  a  hexagonal  a-NaFe02  structure  of  space 
group  R3-m  [30]  without  any  other  impurity  phases.  The  sam¬ 
ples  calcined  at  650  and  700  °C  are  less  crystalline  than  those 
calcined  at  higher  temperatures.  The  ratio  of  the  intensities  of  the 
(0  03)  and  (104)  peaks,  7(0 0 3)//(l  04),  is  an  important  parame¬ 
ter  to  predict  the  electrochemical  properties  of  cathode  materials. 
A  7(0 0 3)/7(l  04)  value  lower  than  1.1  is  an  indication  of  a  high 
degree  of  cation  mixing,  revealing  the  presence  of  transition  metal 
ions  in  the  lithium  sites  (3b  sites)  [20,31-33].  These  transition 
metals,  which  are  present  in  3b  sites,  act  as  pinning  sites  for  tran¬ 
sition  metal  layers  and  reduce  the  lithium  diffusion  coefficient 
and  power  capability  of  the  cathode.  The  R  value,  defined  as  the 
ratio  of  the  intensities  of  doublet  peaks  (00  6)  and  (1  0  2)  to  the 
(101)  peak,  is  an  indicator  of  the  extent  of  hexagonal  ordering 


[11].  The  lower  the  R  value,  the  better  is  the  hexagonal  ordering 
[11,34].  The  7(0  0  3)/7(l  04)  ratios  presented  in  Table  3  show  that 
the  samples  calcined  at  temperatures  above  800  °C  exhibit  a  higher 
degree  of  cation  mixing.  Also,  the  samples  calcined  at  650,  700, 
850  and  900  °C  exhibit  poor  hexagonal  ordering  compared  with 
those  calcined  at  750  and  800  °C.  These  observations  reveal  that 
the  optimum  temperature  range  is  750-800  °C  for  the  calcination 
of  a  Ni0.8oCoo.i5Mn0.o5(OH)2  and  LiOH  mixture  to  obtain  an  oxide 
without  cation  mixing  and  with  the  highest  hexagonal  ordering.  In 
this  temperature  range,  however,  the  crystallite  size  of  the  particles 
is  smaller  at  750  °C  (Fig.  6).  Therefore,  a  calcination  temperature 
of  750  °C  was  chosen  as  the  optimum  temperature,  because  an 
increase  of  crystallite  size  may  reduce  the  charging  capacity  of  the 
material. 

In  order  to  assess  the  effect  of  pH  and  NH3 :  metal  molar  ratio  dur¬ 
ing  the  preparation  of  the  precursor  on  the  properties  of  the  final 
LiNio.80Coo.15Mno.05O2.  Nio.8oCoo.i5Mno.o5(OH)2  powders  prepared 
under  different  pH  and  NH3:metal  molar  ratios  were  subjected  to 
Li  addition  and  then  calcined  at  750  °C  (Figs.  8  and  9).  As  expected, 
all  samples  have  similar  XRD  patterns,  regardless  of  the  prepara¬ 
tion  conditions  concerning  pH  and  NH3 :  metal  molar  ratio.  The  XRD 
patterns  are  not  strongly  influenced  by  the  preparation  conditions 
compared  with  the  morphology  and  tap-density. 

In  addition,  all  samples  lithiated  at  750  °C  have  an  /(0  0  3 )//( 104) 
ratio  higher  than  1.1  without  cation  mixing  (Table  3).  By  contrast, 
the  R  values  of  the  LiNio.80Coo.15Mno.05O2  samples  are  found  to 
vary  significantly  with  respect  to  the  preparation  conditions  of 
their  hydroxide  precursors,  such  as  pH  and  NH3:metal  molar  ratio. 
After  fixing  the  NH3:  metal  molar  ratio  at  1.0,  the  pH  was  changed 
from  9.5  to  12.0.  The  R  value  decreases  as  the  pH  is  increased  and 
reaches  a  minimum  value  of  0.44  at  a  pH  range  of  1 1 .5-1 1 .6,  which 
is  the  optimum  condition  in  terms  of  the  preparation  of  powders 
with  the  highest  tap-density.  Similarly,  after  fixing  the  pH  range 
at  11.5-11.6,  the  NH3:metal  molar  ratio  was  changed  from  0.6 
to  1.2.  As  the  NH3:metal  molar  ratio  is  increased  from  0.6  to  1.0, 
the  R  value  decreases  from  0.59  to  0.44.  Further  increase  in  the 
NH3:  metal  molar  ratio  to  1.2  leads  to  an  increase  in  the  R  value  to 
0.58.  These  observations  demonstrate  that  the  preparation  condi¬ 
tions  of  Nio.8oCoo.i5Mno.o5(OH)2,  such  as  pH  and  NH3:metal  ratio, 
are  important  synthesis  parameters  and  are  closely  related  with 
the  properties  of  the  final  LiNio.80Coo.15Mno.05O2,  such  as  hexago¬ 
nal  ordering,  cation  mixing  and,  consequently,  the  electrochemical 
properties.  Therefore,  the  synthetic  conditions  of  the  precursor 
should  be  optimized  for  hexagonal  ordering  and  minimization  of 
cation  mixing. 
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I  II 


Fig.  6.  SEM  images  of  LiNi0.8Co0.15Mn0.05O2  (LCMP-3)  after  calcining  at  different  temperatures:  (a)  750 °C,  (b)  800 °C,  (c)  850 °C  and  (d)  900 °C  (magnification:  I  =  500x  and 
II  =  1 0,000  x). 


The  tap-density  of  LiNio.80Coo.15Mno.05O2  powder  is  directly 
related  to  that  of  their  hydroxide  precursors  (Table  3).  The  higher 
the  tap-density  of  Ni0.8oCoo.i5Mn0.o5(OH)2  powder,  the  higher  is 
the  obtained  tap-density  of  LiNio.80Coo.15Mno.05O2  powder. 

3.3.  Specific  capacity  ofLiNio.80Coo.15Mno.05O2 

In  order  to  evaluate  its  cathodic  properties,  LCMP-5(750),  which 
has  the  highest  tap-density,  no  appreciable  cation  mixing  and 
the  lowest  R  value,  was  subjected  to  specific  capacity  measure¬ 
ment  by  fabricating  a  coin-type  cell.  The  first  cycle  charge  and 
discharge  curves  at  a  0.1,  0.2,  0.5  and  1.0  C  rate  are  given  in 
Fig.  10.  The  charge-discharge  capacities  at  0.1,  0.2,  0.5  and  1.0  C 
rates  are  found  to  be  222  (200),  201  (194),  194  (184)  and  184 


(176)  mAhg-1,  respectively,  where  the  values  in  parentheses 
indicate  discharge  capacity.  In  order  to  investigate  its  capacity 
retention  capability,  LCMP-5(750)  was  subjected  to  one  cycle  at 
the  0.1,  0.2  and  0.5  C  rates,  respectively,  and  then  to  40  cycles 
at  the  1.0  C  rate  (Fig.  11).  As  can  be  seen  in  the  specific  dis¬ 
charge  capacity  curve,  even  at  the  1.0  C  rate  LCMP-5(750)  exhibits 
good  capacity  retention.  After  40  cycles,  the  specific  capacity  of 
LCMP-5(750)  is  161  mAhg-1,  which  corresponds  to  8.6%  fading 
of  the  initial  capacity.  This  notable  performance  of  the  spher¬ 
ical  LiNi0.80Co0.15Mn0.05O2  might  be  due  to  the  homogeneous 
distribution  of  transition  metal  ions,  which  originates  from  the 
preparation  procedure  applied  to  the  Nio.8oCoo.i5Mn0.o5(OH)2  pre¬ 
cursor  in  order  to  maintain  its  layered  structure.  That  is,  the 
mixing  of  the  three  metal  salt  solutions  before  continuous  co- 
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Fig.  7.  XRD  patterns  of  LiNi0.sCo0.15Mn0.05O2  (LCMP-3)  after  calcining  at  different 
temperatures:  (a)  650  °C,  (b)  700  °C,  (c)  750  °C,  (d)  800  °C,  (e)  850  °C  and  (f)  900  °C. 

precipitation  results  in  a  good  atomic  level  distribution  of  transition 
metal  ions  in  the  prepared  precursor  of  Nio.8oCoo.i5Mn0.o5(OH)2.  In 
addition,  the  layered  structure  of  Nio.8oCo0.i5Mno.o5(OH)2  allows 
for  ready  formation  of  a  well-ordered,  layered  structure  in 
LiNi0.8Co0.15Mn0.05O2.  The  initial  discharge  capacity  and  capacity 
retention  of  the  spherical  LiNio.sCoo.15Mno.05O2  prepared  in  the 
continuous  co-precipitator  are  better  than  the  previous  results 
of  LiNii_x_yCoxMny02  materials  prepared  by  other  preparation 
methods  [20,21,35-37].  Therefore,  the  production  of  spherical 
LiNi0.80Co0.15Mn0.05O2  powder  by  this  continuous  co-precipitation 
method  is  a  promising  route  to  produce  a  cathode  material  for 
Li-ion  batteries. 

4.  Conclusions 

The  preparation  conditions  of  pH  and  NH3:metal  molar  ratio 
in  continuous  co-precipitation  have  significant  effects  on  the 
particle  morphology,  tap-density  and  structural  properties  of 


2  theta  (degrees) 

Fig.  8.  XRD  patterns  of  LiNi0.8Co0.15Mn0.05O2  prepared  at  different  pH  ranges  with 
a  NH3:metal  molar  ratio  of  1  after  calcining  at  750°C:  (a)  9.5-10,  (b)  11.2-11.3,  (c) 
11.5-11.6,  (d)  11.7-11.8  and  (e)  11.9-12.0. 
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Fig.  9.  XRD  patterns  of  LiNi0.8Co0.15Mn0.05O2  prepared  at  different  NH3  :metal  molar 
ratios  in  pH  range  11.5-11.6:  (a)  1.2,  (b)  1.0,  (c)  0.8  and  (d)  0.6. 


Capacity  (mAh/g) 

Fig.  10.  Charge-discharge  characteristic  of  LCMP-5(750)  at  0.1,  0.2,  0.5  and  1.0  C. 


Number  of  cycles 

Fig.  11.  Specific  charging  capacity  of  LCMP(750)  as  a  function  of  cycle  number.  Coin 
half-cell  cycled  between  4.3  and  3.0  V  at  0.1 , 0.2  and  0.5  C,  then  for  40  cycles  at  1 .0  C. 

LiNio.80Coo.15Mno.05O2  powders.  A  NH3: metal  molar  ratio  of  1.0 
and  a  pH  range  of  11.5-11.6  are  found  to  be  the  optimum  condi¬ 
tions  for  obtaining  smooth  and  spherical  Ni0.8oCo0.i5Mn0.o5(OH)2 
particles  that  have  the  highest  tap-density.  The  spherical 
LiNio.80Coo.15Mno.05O2  particles  have  a  hexagonally  ordered,  lay¬ 
ered  structure,  and  the  degree  of  their  hexagonal  ordering  and 
the  extent  of  cation  mixing  depend  on  the  calcination  tempera¬ 
ture  and  preparation  conditions,  such  as  pH  and  NH3:metal  molar 
ratio.  Given  the  high  initial  charging  capacity  and  more  than  91% 
capacity  retention  after  40  charge-discharge  cycles  at  a  1.0  C  rate 
together  with  the  spherical  nature  and  high  tap-density,  it  is  con- 
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eluded  that  the  spherical  LiNio.80Coo.15Mno.05O2  powders  prepared 
by  this  continuous  co-precipitation  method  are  promising  cathode 
materials  for  Li-ion  batteries. 
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